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Abstract
We discuss the inhomogeneous behavior of gamma-ray burst afterglow light curves in optic. We
use well-sampled light curves based on mostly our own observations to find and identify deviations
(inhomogeneities) from broken power law. By the inhomogeneous behavior we mean flashes, bumps,
slow deviations from power law (wiggles) in a light curve. In particular we report parameters of
broken power law, describe phenomenology, compare optical light curves with X-ray ones and classify
the inhomogeneities. We show that the duration of the inhomogeneities correlates with their peak
time relative to gamma-ray burst (GRB) trigger and the correlation is the same for all types of
inhomogeneities.
Subject headings: Gamma-ray bursts; afterglow; inhomogeneous behavior; flares; bumps; wiggles
1. INTRODUCTION
In general, optical light curves of the gamma-ray bursts
(GRBs) in the afterglow phase are described fairly well
by smoothly broken-power law (Beuermann et al. 1999)
with temporal indices in the range from -0.5 to -2.5
(Kru¨hler 2012). However, for the many well-sampled op-
tical light curves after subtracting the host-galaxy com-
ponent significant deviations (inhomogeneities) from the
smoothly broken-power law are observed. So far there
is no clearly understanding of the physical processes
whereby they are created.
There are several physical models explaining inhomo-
geneities. One of the models suggests that the inhomo-
geneities are connected with the interaction of the fire-
ball with moderate density enhancements in the ambi-
ent medium (density-jump model), (Lazzati et al. 2002;
Dai et al. 2003) but that density fluctuations are usually
unable to produce either a sharp variation or a steep in-
crease in the light curve, (Nakar et al. 2003, 2007) for
example, re-brightening of the GRB 030329 light curve
at the first day (Huang et al. 2007). Two-component jet
model (Lamb et al. 2005) with a narrow ultra-relativistic
outflow and a wide but mildly relativistic ejecta for GRB
030329 well describes the radio data (Berger et al. 2003;
Sheth et al. 2003), however, the derived jet parame-
ters indicated a wide jet, exhibiting the characteristic jet
break about 10 days after the burst, which contradicts
the observed jet break time of 0.5 days (Lipkin et al.
2004). The most reliable is the energy-injection model
(Dai et al. 1998; Zhang et al. 2002), when GRB fireball
receives an additional energy injection from the central
engine during the afterglow phase, but within this model
it is difficult to explain the inhomogeneities at late stages
of the afterglow (dozens of days).
In this paper we investigate the inhomogeneities of
well-sampled optical and X-ray light curves of several
GRBs.
TABLE 1
Properties of the analyzed GRBs
GRB Trigger Timea Tb90 Redshift Refs.
(UT) (sec)
030329 11:37:14.67 22.9 0.1685 c
151027A 03:58:24.15 130 ± 6 0.81 d
160131A 08:20:16.22 325 ± 72 0.972 e
160227A 19:32:08.09 317 ± 75 2.38 f
160625B 22:40:16.28 35.1 ± 0.2 1.406 g
a – The time onset of the GRB (= T0).
b – For GRB 030329 T90 is in the 30–400 keV band, for others in
the 15–350 keV band.
c – Vanderspek et al. (2004); Greiner et al. (2003); Caldwell et al.
(2003)
d – Maselli et al. (2015); Palmer et al. (2015); Perley et al. (2015);
Zhang et al. (2015)
e – Pageand et al. (2016); Cummings et al. (2016); Malesani et al.
(2016); de Ugarte Postigo et al. (2016); Xu et al. (2016)
f – Siegel et al. (2016); Sakamoto et al. (2016); Xu et al. (2016)
g – Burns (2016); Zhang et al. (2018)
2. OBSERVATIONS AND DATA SAMPLE
We analyze light curves of the GRB 030329,
GRB 151027A, GRB 160131A, GRB 160227A and
GRB 160625B. A summary of the bursts’ general prop-
erties is listed in Table 1.
The optical data were obtained by Crimean Astro-
physical Observatory (CrAO), Sayan Solar Observa-
tory (Mondy), Tian Shan Astrophysical Observatory
(TShAO), Maidanak High-Altitude Observatory, Abas-
tumani Astrophysical Observatory (AbAO), Special As-
trophysical Observatory (SAO), ISON-Kislivodsk, ISON-
Khureltogoot, ISON-NM observatories and taken from
GCN observation report circulars1. The optical photo-
metrical data reduction was based on IRAF2 standard
tasks (/noao/digiphot/apphot).
A summary of optical observations of GRB 151027A,
1 https://gcn.gsfc.nasa.gov/gcn3 archive.html
2 IRAF is distributed by the National Optical Astronomy Ob-
servatories
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2Fig. 1.— The optical (black) and X-ray (gray) light curves of
the analyzed GRBs, expressed in Jy. X-ray band is 0.5–2 keV
for GRB 030329 and 0.3–10 keV for other bursts. The host galaxy
contribution was subtracted in the light curves of GRB 030329 and
GRB 160625B.
GRB 160131A and GRB 160227A will be presented in
Mazaeva et al. (2018), optical data of GRB 030329 and
GRB 160625B were taken from Lipkin et al. (2004);
Zhang et al. (2018). The X-ray afterglow data of
GRB 030329 were obtained by Rossi-XTE and XMM-
Newton (Tiengo et al. 2004), the X-ray light curves of
other GRBs received by Swift/XRT.3 The optical and
X-ray light curves of the analyzed GRBs are presented
in Fig. 1.
3. EXTRACTION OF INHOMOGENEITIES
The light curves of GRB 151027A, GRB 160131A and
GRB 160625B were approximated by a smoothly broken
power law (Beuermann function, see e.g. Beuermann
et al. (1999)):
F = F0
[(
t− t0
tjb
)αw
+
(
t− t0
tjb
)βw]−1/w
, (1)
3 http://www.swift.ac.uk/xrt curves/
where α, β are the early and late power law indices, tjb
is time of jet-break, w is the smoothing parameter. The
parameters α, β, tjb were left free to vary, t0 (time offset)
and w were fixed (t0 = 0, w = 1, 2, 3, 5, 7).
In case of GRB 160227A we use single power law model
(2), as we have only data for the first day after the burst
trigger, probably before a jet-break time for this burst
F = F0t
α . (2)
The GRB 030329 was modelled by a sum of two Beuer-
mann functions
F =
2∑
i=1
F0i
[(
t
tjbi
)αiwi
+
(
t
tjbi
)βiwi]−1/wi
. (3)
The inhomogeneities (groups of points with significant
deviation from the power-law-like behavior) in the opti-
cal light curve were excluded from the fitting procedure.
The best-fitting parameters are summarized in Table 2.
4. CLASSIFICATION OF INHOMOGENEITIES
The optical light curves reveal a number of inhomo-
geneities, superposed over the power-law decay (see Ta-
ble 3). The inhomogeneities were approximated by poly-
nomials.
We separate the inhomogeneities into several classes.
The classification is given in the following.
4.1. Flares
Flares (positive residuals) were first found in the X-ray
light curve of GRB 970508 (Piro et al. 1998, 2005), later
they have been observed in all phases of the canonical
X-ray light curve (Swenson et al. 2013). In several GRB
light curves, flares in X-ray and optical are synchronous.
In our sample we found two such X-ray/optical flashes
in GRB 151027A (see Fig. 2(a)).
4.2. Bumps
Variations with a positive residuals and without syn-
chronous X-ray counterparts, we classified as the bumps
(see Fig. 2(b)).
4.3. Wiggles
Wave-like variations with transition from positive to
negative (and vice versa) residuals and small amplitudes
(several millimags) of the early afterglow (up to approx-
imately 0.5 days since GRB trigger) were detected in
a dense photometric data for GRB 030329 and GRB
160131A (wiggles, see Fig. 2(c)).
4.4. Nonclassified
Bumps with no synchronous detection in X-rays be-
cause of the absence of the corresponding X-ray data (like
inhomogeneities of GRB 030329) or the inhomogeneities
that do not fit the classification criteria are named as
nonclassified (see Fig. 2(d)). In particular, we could not
classify the inhomogeneities of the GRB 160227A — the
optical light curve has a complex structure with an ad-
ditional component, which is not visible in X-rays.
3TABLE 2
The Fitting Parameters of Optical Light Curves
GRB i F0 w tjb α β χ
2/d.o.f.
(Jy) (days)
030329 1 (3.30 ± 0.02)×10−5 3 0.524 ± 0.002 –0.863 ± 0.001 –2.034 ± 0.006 7053/3009
2 (4.86 ± 0.02)×10−6 2 1.544 ± 0.002 7.327 ± 0.084 –1.371 ± 0.005
151027A (1.31 ± 0.15)×10−4 1 0.193 ± 0.016 –0.210 ± 0.046 –1.800 ± 0.034 256/83
160131A (4.27 ± 1.66)×10−4 7 1.223 ± 0.314 –1.179 ± 0.008 –1.818 ± 0.156 333/497
160227A (7.44 ± 0.86)×10−6 — — –0.613 ± 0.024 — 84/82
160625B (2.42 ± 0.34)×10−7 5 26.342 ± 3.112 –1.000 ± 0.017 –2.986 ± 0.767 94/91
TABLE 3
Fitting Parameters of Selected Optical Inhomogeneities
GRB Tpeak − T0a FWHM Amplitudeb Amplitudeb S/Nb Correlation Typec Fig. #
(days) (days) (Jy) (mag) (σ) with X-ray
030329 0.08826 0.03242 3.95 ×10−4 0.02 7.5 no data W (a)
030329 0.14657 0.04640 –3.20 ×10−4 –0.03 10.8 no data W (b)
030329 0.23522 0.08627 2.12 ×10−4 0.03 6.9 no data W (c)
030329 1.60190 0.24504 2.70 ×10−4 0.32 57.9 no data n/c. 2(d)
030329 2.62084 0.14206 1.11 ×10−4 0.21 19.2 no data n/c.
030329 3.39444 0.41709 1.36 ×10−4 0.35 107.9 no data n/c.
030329 3.61772 0.33584 9.72 ×10−5 0.28 44.3 no data n/c.
030329 5.67352 1.15475 8.52 ×10−5 0.45 26.4 no data n/c.
030329 8.79820 0.41162 1.29 ×10−5 0.15 13.1 no data n/c.
030329 9.76593 0.37217 1.83 ×10−5 0.24 23.6 no data n/c.
030329 10.76485 0.91008 1.59 ×10−5 0.24 17.9 no data n/c.
030329 11.72378 0.65981 1.14 ×10−5 0.20 8.8 no data n/c.
030329 12.58917 0.41100 1.33 ×10−5 0.26 8.1 no data n/c.
151027A 0.53690 0.22988 2.17 ×10−4 0.53 20.3 yes F
151027A 1.42918 0.25419 5.29 ×10−5 0.48 10.8 yes F 2(a)
151027A 2.66541 1.41120 9.51 ×10−6 0.38 6.6 no data n/c.
160131A 0.16648 0.04802 –1.76 ×10−5 –0.04 7.1 no W (a) 2(c)
160131A 0.24792 0.05253 8.99 ×10−6 0.03 5.7 no W (b) 2(c)
160131A 0.16764 0.01142 1.10 ×10−5 0.03 3.1 no B
160131A 0.52016 >0.05 5.77 ×10−5 0.13 76.3 no B
160227A 0.00190 0.00078 –2.15 ×10−4 –1.06 29.4 yes n/c.
160227A 0.00397 0.00145 –2.08 ×10−4 –3.12 64.2 yes n/c.
160625B 14.44238 2.19765 1.40 ×10−6 0.26 4.3 no B 2(b)
a Peak time (Tpeak) of the inhomogeneities relative to the initial burst trigger (T0).
b Amplitude and significance are relative to the power law fit of the light curve.
c B — bump, F — flare, W — wiggle, n/c. — nonclassified inhomogeneities.
Fig. 2.— Examples of inhomogeneities. The residuals over the power-law fits, representing inhomogeneities are shown. (a) The optical
flare of GRB 151027A; (b) the optical bump of GRB 160625B; (c) the optical wiggles of GRB 160131A; (d) the nonclassified bump of GRB
030329.
5. THE FWHM - TPEAK RELATION
For found parameter of FWHM and Tpeak we con-
structed scatterplot, presented in Fig. 3. The opti-
cal flares detected by UVOT/Swift in Swenson et al.
(2013) are also plotted at Fig. 3. For the UVOT sam-
ple only start and stop times of flashes are available,
i.e. total duration of the flares. We use half of dura-
tion for each flash to put it on the Fig. 3. The corre-
lation between FWHM and Tpeak found previously in
Yi et al. (2017) is evident. We fitted the FWHM -
Tpeak scatterplot for the combined sample of FWHM
and half time using the power-law logarithmic model:
log
(
FWHM
1 day
)
= (1.05±0.03) log
(
Tpeak
1 day
)
+(−0.86±0.07).
Power-law index of ' 1 indicates the linear dependence
of the investigated parameters: FWHM ∼ Tpeak. Ear-
lier, the positive correlation between the arrival time and
duration of X-ray flares was noted in Perna et al. (2005).
4Fig. 3.— The FWHM - Tpeak relation for inhomogeneities, constructed for ones from our sample and for flares detected by UVOT/Swift
from Swenson et al. (2013). Thick solid line represents power-law fit to the joint sample, dotted lines bound 2 sigma correlation region.
Fig. 4.— Number density of a peak time of inhomogeneities in
optic light curves of GRB afterglow.
It is interesting that all types of inhomogeneities intro-
duced previously (wiggle, flare, bump, etc.) follow the
same correlation (see Fig. 3), possibly indicating their
similar physical nature.
6. DISCUSSION
In this paper, we are analyzing the inhomogeneities
of GRB optical light curve afterglow. There are to-
tally 23 inhomogeneities identified in five well sampled
light curves of GRBs. The inhomogeneities were classi-
fied to the following types: flares, bumps, wiggles, etc.
The sample of 119 UV/optical flares from Swenson et al.
(2013), mostly observed at early times (Tpeak < 0.02
days) was jointly analyzed. We add to the sample late
time inhomogeneities (21 at Tpeak > 0.08 days).
All types of inhomogeneities from our sample and
UVOT flares follow the same correlation between FWHM
and Tpeak, suggesting similar physical nature or strong
selection effect. The power law index of the dependence
is about 1 indicating a linear dependence of FWHM and
Tpeak.
This dependence differs from the case of prompt emis-
sion when there is no correlation of the pulse duration
with the arrival time (Mitrofanov et al. 1998).
One can suggest a gap in a number density of in-
homogeneities between 0.02 < Tpeak < 0.04 days in
Fig. 3. However, the peak time distribution of the in-
homogeneities reveals no signatures of the gap or any
kind of bimodality (see Fig. 4).
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